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Introduction
Nowadays, to relieve the energy crisis and environmental pollution, FCHVs could be a long-term and promising solution due to their long driving range, high efficiency and zero emission characteristics [1] , [2] . FCHVs can be divided into FC-battery HVs, FC-UC HVs and FC-battery-UC HVs [1] . The service life of battery may be decreased in the applications where frequent transient power fluctuations exist. Besides, its dynamic response is comparatively slower than that of the UC [3] . Therefore, the FC-UC HV is considered to simplify the design of the FCHV in this paper.
Generally, owing to topographies and speed fluctuations, the power demand of vehicles is fluctuating, especially in urban use. For an FC-UC HV, its energy management objectives can be summarized as achieving fluctuating load power splitting, improving its fuel economy, and ensuring the global stability of system. To realize these goals, a proper EMS is needed. Currently, many research efforts have been devoted to the energy management of the FC-UC HV. The available EMSs could be mainly divided into centralized or hierarchical control strategies [2] , [4] - [6] and decentralized control strategies [3] , [7] - [11] .
As elaborated in [3] , the centralized or hierarchical EMSs suffer from some inherent drawbacks, such as single-point-of-failure problem, slow dynamic response caused by communication delay, and poor system reliability, flexibility and scalability. Therefore, decentral-bus L n v P
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Copyright © by ICEIV ized EMSs without communication are more suitable for the FC-UC HV. In [7] , a virtual impedance droop control is proposed for the UC to make it accommodate all the transient power in a decentralized way. To extend the service life of the UC, an extra SoC regulation loop is adopted once it exceeds the predetermined optimum range. However, the UC loses the ability of buffering transient power in SoC regulation process. A modified droop control strategy is proposed for the battery/UC hybrid energy storage system to achieve energy management in [8] . This method employs a virtual capacitor and a virtual resistor droop control for the UC and battery, respectively (named MDC hereafter). By doing this, it successfully makes the UC buffer all the fluctuating power, leaving the battery only supply the smooth power. However, if applied to the FC-UC HV, it may become less optimized or even ineffective. This is because, on the one hand, it doesn't take the SoC regulation of the UC into consideration; on the other hand, the regenerative braking energy (smooth part) is not able to be stored by the UC but has to be dissipated as heat by the damping circuit instead as it would be blocked by the virtual capacitor. In [3] , an enhanced MDC strategy is proposed to realize the energy management of the FC-UC HV. Although the SoC regulation problem has been addressed, the lossless accommodation of braking energy is still left unsolved. To overcome the aforementioned shortcomings, an improved MDC strategy is further proposed in [9] and [10] . However, as the inner voltage and current loops of the FC and UC converters adopt the traditional PI controllers, these methods may not be able to ensure the global stability of the FC-UC HV, which is very significant for the safe and reliable operation of the FC-UC HV.
In this paper, a decentralized EMS is proposed to achieve the energy management of the FC-UC HV and ensure its global stability without knowing the detailed model of loads. The rest of this paper is organized as follows. In Section 2, the structure and model of the considered system and the proposed EMS are illustrated. Simulation results are presented to verify the effectiveness of the proposed method in Section 3. Finally, Section 4 gives the conclusions. Fig. 1 shows the considered powertrain system of the FC-UC HV with the proposed decentralized EMS. It consists of a 270-V dc bus supplied by a 3-kW FC with its unidirectional boost converter used as the main source and an UC bank with its bidirectional boostbuck converter used as an auxiliary source, and its loads are composed of a bidirectional dc-ac inverter driving the electric motor and an unidirectional dc-dc converter feeding auxiliary electronic devices. The outer droop loops of the FC and UC converters adopt differential and proportional droop control respectively, and their inner current loops utilize PBC, as depicted in Fig. 1 .
Decentralized EMS

System description and modeling
Assuming that the FC and UC converters to be operating in a continuous conduction mode. In Fig. 1 , the state-space average model of the FC and UC converters can be described as 
where M is the positive definite matrix; J is the skewsymmetric matrix, i.e., J T = − J.
Novel MDC strategy
Motivated by [10] , the droop characteristics of the FC and UC converters are given respectively by
According to Fig. 2 , assuming there is no power loss for the FC and UC converters, one can obtain that From (3), (4) and (7) , one can draw the following conclusions:
1) In steady state, it is known from (3) that there is no voltage deviation caused by the differential droop control for the output voltage of the FC converter. Moreover, one can observe from (7) that the steady-state output power of the UC converter is zero. Thus, the dc bus voltage could be maintained at its nominal value.
2) In braking process, the FC cannot operate, but the braking energy could be recycled by the UC because the UC converter can still work well.
3) From (7), it is observed that the load power is automatically split into low-and high-frequency components for the FC and UC units respectively by a lowpass filter G1(s) and a high-pass filter G2(s) with their cut-off frequency ωc being c n m w = (8) Hence, the fluctuating load power splitting and regenerative braking energy recovery, which indirectly improve fuel economy, can be achieved by the proposed MDC strategy.
Design of PBC Controller
To ensure the global stability of system, the PBC controllers are designed for the FC and UC converters, as shown below.
Letting e = x − xd. Combining (2), we have
Me Je R e ψ E Mx Jx R e   (9) where the injected damping matrix Rd = diag(rd1, gd1, rd2, gd2) is positive definite.
Based on the methodology of the PBC presented in [11] , the PBC law can be devised as = --+ = 
where the desired current references of the FC converter xd1 and the UC converter xd3 can be expressed as (13) and (14) respectively based on (3) and (4). designed PBC controllers for the FC and UC converters are decentralized controllers without any communications. Besides, the implementation of the controllers is irrelevant to the load models. Alternately, the load types (whether CPL or not) would not affect the performances of the controllers.
Proof of global asymptotic stability:
The Lyapunov function is defined as 1 2 
Hence, according to Lyapunov's stability theory, one can conclude that the closed-loop system is asymptotically stable. Moreover, Ve→∞ as ||e||→∞, thus the closed-loop system is globally asymptotically stable. The proposed control architectures of the FC and UC converters are shown in Fig. 1. 
Simulation Results
To verify the effectiveness and feasibility of the proposed EMS, a 3-kW FC-UC HV, which is similar to Fig.  1 , is established in Matlab/Simulink. Detailed system parameters are given in Table 1 .
Figs. 2 (a) and (b) depict the simulation results of the FC-UC HV with an ideal CPL and a fluctuating load, respectively. From Fig. 2 (a) , one can observe that the power of the FC P1 changes gradually and finally tend to the load power PL, while the UC respond immediately to provide the instantaneous power. In addition, the system is stable throughout the operating range. From Fig. 2 (b) , it can be seen that the FC merely have to supply the low-frequency load power whereas the UC can buffer all the fluctuating power. Besides, the regenerative braking energy can be recycled by the UC in a lossless way. Therefore, with the proposed EMS, the system performances are consistent with the expected performances, which indicates the effectiveness and feasibility of the proposed strategy.
Conclusions
In this paper, a decentralized EMS was proposed for the FC-UC HV. With the help of the proposed EMS, the energy management objectives that includes achieving optimized load power allocation, recycling the braking energy and ensuring the stability of system are realized in a decentralized way. No communication nor common signals are need for the implementation of the proposed EMS, which indicates high reliability and flexibility. Furthermore, the effectiveness and feasibility of the proposed EMS are verified by simulation results.
